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3WJ

:   three‐way junction

apt

:   aptamer

CSC

:   cancer stem cell(s)

DAPI

:   4′,6‐diamidino‐2‐phenylindole

Dil

:   1,1′‐dioctadecyl‐3,3,3′,3′‐tetramethylindocarbocyanine perchlorate

EDTA

:   ethylene diamine tetraacetic acid

EpCAM

:   epithelial cell adhesion molecule

ET‐MNV

:   EpCAM targeting ‐therapeutic milk derived nanovesicle(s)

EV

:   extracellular vesicle

HCC

:   hepatocellular carcinoma

LCSC

:   human liver cancer stem cell(s)

MNV

:   milk derived nanovesicle(s)

mRNA

:   messenger RNA

PBS

:   phosphate‐buffered saline

RNase

:   ribonuclease

RT‐PCR

:   real‐time polymerase chain reaction

siRNA

:   small interfering RNA

TEG

:   triethylene‐glycol

tMNV

:   therapeutic milk‐derived nanovesicle(s)

Hepatocellular carcinoma (HCC) is the most common primary cancer of the liver and is among the top five most common causes of cancer‐related deaths worldwide.[1](#hep41462-bib-0001){ref-type="ref"} The responses to current medical treatments for HCC are affected by the heterogeneity of oncogenic drivers for these cancers. Despite this, there is a paucity of effective therapies that directly target key oncogenic drivers in defined target cell populations.[2](#hep41462-bib-0002){ref-type="ref"}, [3](#hep41462-bib-0003){ref-type="ref"} As with many other types of cancers, a hierarchical tumor organization with the presence of a subset of tumor initiating cells, or cancer stem cells (CSC), has been postulated.[4](#hep41462-bib-0004){ref-type="ref"} These cells not only contribute to the heterogeneity of tumor cells but can affect their proliferative capacity as well as tumor response to therapy.[5](#hep41462-bib-0005){ref-type="ref"} Targeting CSC therefore offers opportunities for therapeutic intervention targeted toward driver effects.[6](#hep41462-bib-0006){ref-type="ref"} However, to date there are few, if any, therapeutic strategies that directly target stem cells in HCC.

CSC are identified by the expression of specific cell surface markers characteristic of stem cell populations, such as CD90, CD44, and epithelial cell adhesion molecule (EpCAM).[7](#hep41462-bib-0007){ref-type="ref"} EpCAM is a transmembrane glycoprotein that is present in liver stem cells and hepatoblasts. The expression of EpCAM is associated with cell proliferation and is prominent among CSC‐enriched populations in HCC and many other types of cancers.[8](#hep41462-bib-0008){ref-type="ref"}, [9](#hep41462-bib-0009){ref-type="ref"}, [10](#hep41462-bib-0010){ref-type="ref"}, [11](#hep41462-bib-0011){ref-type="ref"}, [12](#hep41462-bib-0012){ref-type="ref"} Moreover, EpCAM expression is associated with cells that exhibit tumor‐initiating capabilities and tumorigenesis.[10](#hep41462-bib-0010){ref-type="ref"}, [13](#hep41462-bib-0013){ref-type="ref"}, [14](#hep41462-bib-0014){ref-type="ref"} HCC cells expressing EpCAM have greater stem cell features, tumor formation, and invasion ability compared with those not expressing EpCAM.[9](#hep41462-bib-0009){ref-type="ref"}, [15](#hep41462-bib-0015){ref-type="ref"} These reasons support the use of EpCAM as a target receptor for cancer drug delivery systems.

EpCAM expression is transcriptionally regulated by the canonical Wnt/β‐catenin signaling, and inhibiting Wnt/β‐catenin signaling has the potential to eliminate EpCAM+ cells. Mutations in the β‐catenin gene and aberrant activation of the Wnt/β‐catenin pathway are among the most frequently encountered in HCC in the West.[16](#hep41462-bib-0016){ref-type="ref"}, [17](#hep41462-bib-0017){ref-type="ref"} In addition, alterations in β‐catenin are characteristic of hepatic adenomas that portend a higher risk of progression to malignancy. Modulating β‐catenin expression has been shown to inhibit stem cell behavior. The ability to directly target β‐catenin is therefore highly relevant for new therapeutics for HCC, by aiming to target and eliminate a tumor‐initiating cell population.

We have recently demonstrated the efficacy of using milk‐derived nanovesicles (MNV) as biological nanoparticles to deliver RNA therapeutics to the liver for the treatment of liver cancers.[18](#hep41462-bib-0018){ref-type="ref"}, [19](#hep41462-bib-0019){ref-type="ref"} Extracellular vesicles such as MNV have distinct advantages for use as a therapeutic delivery system, including a small size that is capable of penetrating deep into tissues, stability in the circulation, intrinsic cell targeting properties, and ability to overcome natural barriers by the immune system.[18](#hep41462-bib-0018){ref-type="ref"}, [19](#hep41462-bib-0019){ref-type="ref"}, [20](#hep41462-bib-0020){ref-type="ref"}, [21](#hep41462-bib-0021){ref-type="ref"} Using RNA nanotechnology, a therapeutic biological nanoparticle was designed for the delivery of an RNA therapeutic to modulate β‐catenin expression to a liver CSC based on the recognition of EpCAM expression. We coupled MNV with synthetic oligonucleotide RNA aptamers that can bind to EpCAM with high affinity and specificity, and loaded them with a cargo of small interfering RNA (siRNA) to β‐catenin to develop EpCAM‐targeted (ET) therapeutic MNV (tMNV). These ET‐tMNV could enhance specific targeting of cancer cells and efficient intracellular release of siRNA to suppress β‐catenin expression and tumor growth. Therefore, ET‐tMNV may provide a viable therapeutic strategy aimed at EpCAM‐positive stem cell populations for the treatment of HCC.

Materials and Methods {#hep41462-sec-0002}
=====================

Isolation of MNV {#hep41462-sec-0003}
----------------

MNV were isolated from commercially obtained bovine fat‐free milk and using an approach that we have described in detail.[22](#hep41462-bib-0022){ref-type="ref"} The approach is described in the Supporting Information. The size and concentration of MNV were determined using a Nanosight instrument (Malvern Panalytical, Malvern, United Kingdom). For dye labeling, MNV were labeled using a PKH67 Green Fluorescent Cell Linker Kit (Sigma‐Aldrich, St. Louis, MO) following the manufacturer\'s protocol. Briefly, MNV in Diluent C and 6 µL of PKH67 dye in the same volume Diluent C were mixed gently and incubated for 30 minutes. One percent bovine serum albumin was then added to bind the excess dye, and the solution was then ultracentrifuged at 100,000 *g* in Type 60 Ti swing rotor for 70 minutes at 4°C. The pellet was resuspended in phosphate‐buffered saline (PBS).

Assembly of RNA Nanoparticles {#hep41462-sec-0004}
-----------------------------

Three‐way junction (3WJ) RNA nanoparticles were custom‐designed. RNA oligonucleotides for each constituent strand were obtained from ExonanoRNA, LLC (Columbus, OH). Each RNA strand was 2′Fluoro‐modified and purified by high‐performance liquid chromatography. The sequences of all RNA strands (lowercase letters indicate 2′Fluoro nucleotides) are given in Table [1](#hep41462-tbl-0001){ref-type="table"}. Equal molar concentrations of each RNA strand were mixed in tricaine mesylate (50 mM TRIS pH = 8.0, 100 mM NaCl, 10 mM MgCl~2~) buffer or annealing (10 mM TRIS, pH 8.0, 50 mM NaCl, 1 mM ethylene diamine tetraacetic acid \[EDTA\]) buffer and heated to 95°C for 5 minutes and then slowly cooled down to 4°C over 60 minutes using a Thermal Cycler (Bio‐Rad Laboratories, Inc., Hercules, CA). Assembly of the 3WJ RNA nanoparticles was confirmed on a 4%‐12% native polyacrylamide gel electrophoresis in Tris/Borate/EDTA buffer (89 mM Tris‐borate, 2 mM EDTA) and visualized using an ultraviolet transilluminator under 300 nm.

###### 

RNA Construct Use for Nanoparticle Assembly

  -------------------------- --------------------------------------------------------
  a3WJ‐cholesterol           5′‐uuG ccA uGu GuA uGu GGG(cholesterol‐TEG)‐3′
  b3WJ                       5′‐ccc AcA uAc uuu Guu GAu ccc‐3′
  b3WJ‐apt                   5′‐ccc AcA uAc uuu Guu GAu ccc GcGAcuGGuuAcccGGucG‐3′
  c3WJ‐Alexa647              5′‐GGA ucA Auc AuG GcA A(C6‐NH)(Alexa647)‐3′
  cholesterol‐apt‐Alexa647   5′‐(Alexa647) GcGAcuGGuuAcccGGucG (cholesterol‐TEG)‐3′
  -------------------------- --------------------------------------------------------

Uppercase letters in the sequences indicate Phosphorothioate, whereas lowercase letters indicate Phosphorothioate 2′Fluoro nucleotides.

John Wiley & Sons, Ltd

Cellular Binding Assessment {#hep41462-sec-0005}
---------------------------

For *in vitro* binding studies, LCSC and Hep3B cells were trypsinized and washed with PBS. Cells (2.0 × 10^5^/tube) were incubated for 2 hours in a 1.5‐mL Eppendorf tube with Alexa647 labeled 3WJ (300 nM) with or without aptamer (apt), MNV (5.0 × 10^10^ particles) displaying Alexa647 labeled 3WJ (300 nM) with or without apt, and MNV (5.0 × 10^10^ particles) displaying Alexa647 apt alone without 3WJ (300 nM). Cell‐binding efficacy was observed by a Novocyte 2060R flow cytometer (Acea Biosciences, San Diego, CA) using the APC‐H channel. For binding and internalization assay *in vitro*, LCSC were incubated with PKH67‐labeled MNV displaying 3WJ apt (300 nM) or apt only (300 nM) or PKH‐67‐labeled MNV only for 24 hours and observed using the FITC‐A channel.

Confocal Microscopy {#hep41462-sec-0006}
-------------------

For studies on efficiency of RNA nanoparticle decoration, MNV were first co‐incubated with RNA constructs at 37°C for 2 hours. Three constructs were studied: Cholesterol/3WJ+apt/Alexa647, Cholesterol/apt/Alexa647, and 3WJ+apt/Alexa647. A drop of each sample was placed on a clean coverslip (\#1.5 thickness). Next, a slide with a small drop of Aqua‐Poly/Mount (Polysciences, Inc., Warrington, PA) was placed over this to mount the sample on the coverslip. The slides were air‐dried in the dark overnight. Super resolution imaging was performed with the AiryScan module of an inverted LSM880 confocal laser scanning microscope (Carl Zeiss, Jena, Germany), fitted with a leveling sample holder, using a Plan Apochromat 63×/1.4NA DIC M27 oil immersion objective, with Immersol 518 F immersion media (ne = 1.518 at 30°C; Zeiss, Oberkochen, Germany). The superresolution acquisition mode was used, with a pixel dwell time of 0.65 µs and 6× digital zoom for all images, resulting in a 528 × 528 pixel, 22.49 × 22.49 micron image. Detector gain and laser power settings were adjusted on the sample with the brightest PKH‐67 and Alexa647 signals so as to avoid detector saturation for both; these settings were then used to acquire all images. PKH‐67 was excited with the Argon (488 nm) laser at 20% laser power, MBS 488/543/633, and emission‐collected with a BP420‐480+BP495‐550 filter and detector gain of 843. Alexa 647 was excited with the HeNe (633 nm) laser at 0.2% laser power, MBS 488/543/633, and emission‐collected with a BP570‐620+LP645 filter and detector gain of 750. Postacquisition image processing was done with the AiryScan processing module in Zen Black 2.3 software (Zeiss). Processing was done in 2D mode with processing strength set to 6.2 for all images. Images are displayed with identical minimum/maximum signal ranges to facilitate comparison.

Cellular Uptake {#hep41462-sec-0007}
---------------

Hep3B cells and LCSC (1.0 × 10^4^/well) were cultured overnight on glass 4‐well cell chamber slides (Thermo Fisher Scientific, Waltham, MA). MNV (2.0 × 10^10^ particles) displaying 3WJ (200 nM) with/without apt ligand were incubated with Hep3B for 12 hours or LCSC for 2 hours at 37°C. After washing with PBS, the cells were fixed with 4% paraformaldehyde and stained with Alexa Fluor 488 phalloidin (Thermo Fisher Scientific) and 4′,6‐diamidino‐2‐phenylindole (DAPI; Thermo Fisher Scientific) for visualization of cytoplasm and nucleus. The cells were mounted with Aqua‐Poly/Mount (Polysciences, Inc., Warrington, PA). Images were acquired using a Zeiss LSM880 confocal laser scanning microscope with a Plan Apochromat 63×/1.4NA DIC M27 oil immersion objective using Immersol 518 F immersion media and a 405‐nm Diode laser for DAPI and 488‐nm Argon lasers for Alexa Fluor 488 phalloidin and a pixel dwell time of 0.51 µs.

Generation of Targeted MNV {#hep41462-sec-0008}
--------------------------

An equal volume of Lipofectamine 2000 (Thermo Fisher Scientific) and either β‐catenin siRNA (0.5 µM for Hep3B, 5uM for LCSC) or scrambled siRNA (0.5 µM) was prepared in Opti‐MEM (Thermo Fisher Scientific) and mixed and incubated for 10 minutes at room temperature. siRNA was purchased from Qiagen (Hilden, Germany). Equal volumes of Lipofectamine‐siRNA complex solution and MNV (7 × 10^12^ particles/mL) were then mixed in ultraclear centrifuge tubes (11 × 60 mm; Beckman Coulter, Indianapolis, IN), pipetted gently, and incubated for 30 minutes at room temperature. The solution was diluted with 4‐mL PBS and ultracentrifuged at 100,000*g* in Type 60 Ti swing rotor for 70 minutes at 4°C. The supernatant was removed as unloaded siRNA, and the pellet was resuspended in an appropriate volume of PBS for further studies. For siRNA loading assessment, β‐catenin siRNA was labeled with Cy3 using the Label IT siRNA Tracker Intracellular Localization Kit (Mirus Bio LLC, Madison, WI). HepG2 were incubated with Cy3‐labeled siRNA+lipofectamine or Cy3 siRNA loaded into MNV for 48 hours at 37°C. After washing with PBS, the cells were fixed and stained with TRITC‐phalloidin (Thermo Fisher Scientific) and DAPI (Thermo Fisher Scientific). ET‐tMNV were constructed using a 1:1 ratio of 3WJ (10 μM in 50 μL) and tMNV (5.0 × 10^10^ particles). For cellular studies, cells were plated on 12‐well plates (2.0 × 10^5^/well) 1 day prior to the treatment with PBS or with 5.0 × 10^10^ particles ET‐tMNV and incubated at 37°C for either 48 hours (for LCSC) or 72 hours for Hep3B cells.

Additional Information {#hep41462-sec-0009}
----------------------

Additional materials and methods are provided as Supporting Information.

Results {#hep41462-sec-0010}
=======

Can Sufficient Amounts of Biological Nanoparticles Be Isolated From Milk? {#hep41462-sec-0011}
-------------------------------------------------------------------------

We have optimized isolation approaches for MNV from fat‐free milk and have demonstrated their safety profile *in vitro*.[23](#hep41462-bib-0023){ref-type="ref"} Using an approach that involves filtration and differential ultracentrifugation, MNV were isolated and quantitated using a Nanosight instrument (Fig. [1](#hep41462-fig-0001){ref-type="fig"}). A homogenous population of MNV was isolated, of which more than 95% ranged in size between 100 and 200 nm, similar to that of extracellular vesicles such as exosomes or small microvesicles. From a starting volume of 200 mL fat‐free milk, the yield of MNV ranged from 5 × 10^12^ to 5 × 10^13^ particles. Thus, MNV are a scalable and cost‐effective source of biological nanoparticles that could be used for the delivery of therapeutic agents. Compared with synthetic siRNA nanoparticles, MNV loaded with siRNA may be expected to have an improved biocompatibility and efficacy *in vivo*.

![Characterization of biological nanoparticles. (A) Determination of size and concentration of MNV were obtained using a Nanosight instrument. (B) Zeta potential of MNV and MNV decorated with the 3WJ RNA nanoparticles. (C) Comparison of size distribution and mean size of MNV and MNV/3WJ.](HEP4-4-298-g001){#hep41462-fig-0001}

Can Synthetic RNA Be Inserted Into MNV? {#hep41462-sec-0012}
---------------------------------------

We synthesized RNA nanoparticles to serve as a structural scaffold capable of ligand display and incorporation onto the MNV surface. These RNA nanoparticles were designed based on the 3WJ motif derived from bacteriophage phi29 packaging RNA (pRNA)[24](#hep41462-bib-0024){ref-type="ref"}, [25](#hep41462-bib-0025){ref-type="ref"} conjugated with Alexa647 fluorescent modification and cholesterol modification. The design of 3WJ‐RNA is shown in Fig. [2](#hep41462-fig-0002){ref-type="fig"}A. The pRNA‐3WJ nanoparticles consist of three fragments (a3WJ, b3WJ, and c3WJ) and make a modular design of a planar arrangement with three angles of 60°, 120°, and 180° displayed onto the extracellular vesicle (EV) membrane.[26](#hep41462-bib-0026){ref-type="ref"} The 3WJ RNA nanoparticles were constructed using bottom‐up self‐assembly of their constituent RNA strands. Each fragment was mixed in equal molar ratio. It was expected that annealing of fragments would result in self‐assembly of the RNA nanoparticle complex *in situ*, whereas nonannealed strands that did not bind to complementary regions would be more susceptible to degradation and ineffective. We confirmed successful assembly of RNA nanoparticles on non‐denaturing Native PAGE (Fig. [2](#hep41462-fig-0002){ref-type="fig"}A), as evidenced by the presence of additional bands. The 3WJ constructs are thermodynamically stable and can remain intact at ultralow concentrations. Moreover, they are nonimmunogenic *in vivo*.[25](#hep41462-bib-0025){ref-type="ref"}, [27](#hep41462-bib-0027){ref-type="ref"} 2′Fluoro‐modified U and C nucleotides were used on each RNA strand backbone to make nanoparticles chemically stable. This structure provides stability to be resistant against ribonuclease (RNase) degradation and furthermore avoids the folding and functionalities of RNA modules.[27](#hep41462-bib-0027){ref-type="ref"}, [28](#hep41462-bib-0028){ref-type="ref"}

![Construction of RNA nanoparticles. (A) 3WJ RNA was synthesized from three component strands: a3WJ, b3WJ, and c3WJ. For some constructs, cholesterol (indicated as a loop) was incorporated in the a3WJ or the EpCAM RNA apt sequence was incorporated in the b3WJ strand. Native PAGE testing verified the 3WJ assembly. Sequences and expected annealing of each strand during 3WJ formation are shown with b3WJ strand or b3WJ strand with RNA apt. (B) Sequence and 2D structure of the three types of RNA nanoparticle constructs containing apt targeting EpCAM displaying MNV. (C) AiryScan microscopy image of MNV decoration using the three different RNA nanoparticle constructs. Circles indicate lack of signal overlap. (Left) PKH67‐labeled MNV with Alexa647‐3WJ‐RNA+apt without cholesterol‐TEG conjugation. (Middle) PKH67‐MNV with Alexa647‐apt. (Right) PKH67‐MNV with Alexa647‐3WJ+apt, with cholesterol‐TEG conjugation.](HEP4-4-298-g002){#hep41462-fig-0002}

To facilitate the insertion of the 3WJ‐RNA constructs into the MNV lipid bilayer, we conjugated cholesterol‐triethylene‐glycol (TEG) onto one strand of the RNA. This enabled their attachment onto the MNV lipid membrane through spontaneous insertion and without any structural disruption. We subsequently modified the 3WJ‐RNA to incorporate a specific RNA apt with high specificity for EpCAM. We used a validated synthetic oligonucleotide apt targeting EpCAM that was first isolated using systematic evolution of ligands by exponential enrichment.[29](#hep41462-bib-0029){ref-type="ref"} MNV surface decoration was assessed for three different constructs, namely, MNV/apt without 3WJ, MNV/3WJ/apt, and MNV/3WJ (without cholesterol‐TEG)/apt (Fig. [2](#hep41462-fig-0002){ref-type="fig"}B). AiryScan confocal imaging was performed to visualize decoration of RNA onto MNV. Detection of the Alexa 647 fluorescence signal corresponds to the presence of 3WJ‐RNA and was used to visualize the decoration of MNV by the oligonucleotides. There was an absence of red fluorescence corresponding to the Alexa647 signal (red, 3WJ) with the use of non‐cholesterol‐conjugated MNV expressing 3WJ/apt (Fig. [2](#hep41462-fig-0002){ref-type="fig"}C). These findings emphasize an indispensable need for TEG conjugation to facilitate insertion. Imaging detected an Alexa647 signal (hence, the presence of 3WJ) overlapping with green PKH‐67 signal (corresponding to MNV) with MNV/3WJ/apt, but there was a low Alexa647 signal with MNV/apt (without 3WJ).

To examine the utility of direct incorporation of targeting apt into MNV membranes, we examined the surface decoration of MNV using a cholesterol‐TEG‐based 20‐nucleotide apt directed toward EpCAM (without 3WJ). We did not observe surface decoration with the use of a cholesterol‐conjugated single‐strand apt. Not only was the apt inefficiently decorated onto the MNV surface, there was insufficient cell delivery and β‐catenin gene delivery to HCC cells. Thus, the use of a structural scaffold skeleton provided by the 3WJ‐RNA with two angled arms enabled a robust anchor to the MNV surface as well as a favorable orientation for the surface display of targeting RNA apt.

Does Insertion of 3WJ Alter the Size or Surface Potential of MNV? {#hep41462-sec-0013}
-----------------------------------------------------------------

We characterized the particle surface charge, zeta potential (millivolts), and size (nanometers) of both MNV and 3WJ displaying MNV. MNV are highly negatively charged, and RNA nanoparticles in isolation are also negatively charged.[26](#hep41462-bib-0026){ref-type="ref"} The mean size of MNV displaying 3WJ was 146 nm and compared with 130 nm for MNV only. The particle surface charge zeta potential was −62.3 mV for MNV and −8.9 mV for MNV/3WJ in studies performed in PBS at pH 7.0 as the electrolyte. A shift in size distribution was observed with RNAse treatment of 3WJ surface‐decorated MNV (Supporting Fig. [S1](#hep41462-sup-0001){ref-type="supplementary-material"}). These results are consistent with the surface decoration of 3WJ on the outer membrane of the MNV instead of uptake into the MNV. As both nanoparticle size and surface charge are crucial determinants of reticuloendothelial system recognition, these physical properties and anionic nature of MMV/3WJ support the use of these constructs for *in vivo* delivery applications, but emphasize the need for optimization of structural design and ratio of MNV to 3WJ to ensure that surface engineering and incorporation of 3WJ does not invalidate their use as a delivery approach.

Can tMNV Bind to Cells *In Vitro*? {#hep41462-sec-0014}
----------------------------------

Next we evaluated the utility of these constructs and the effect of enhanced delivery using aptamers by evaluating their binding and delivery to cancer cells *in vitro*, using confocal microscopy and flow cytometry. We first evaluated the baseline EpCAM expression in three cell lines. A high EpCAM expression was observed in human LCSC, whereas expression was low in Hep3B cells and was not detected in HeLa cells (Fig. [3](#hep41462-fig-0003){ref-type="fig"}A). Confocal microscopy indicated tangible binding and internalization of 3WJ nanoparticles into both the LCSC and Hep3B tumor cells, with Alexa647 fluorescent‐RNA nanoparticles (red) appearing to be distributed in the cytoplasm (green) (Fig. [3](#hep41462-fig-0003){ref-type="fig"}B). Notably, a higher signal was observed for MNV/3WJ/apt in Hep3B and LCSC compared with MNV/3WJ, which does not contain a targeting apt. Binding and delivery to cancer cells were further evaluated using flow cytometry. In LCSC, EpCAM apt bearing RNA nanoparticles showed higher specificity and affinity for cell binding than 3WJ only (Fig. [3](#hep41462-fig-0003){ref-type="fig"}C). Strong binding was also observed for apt displaying MNV (MNV/3WJ/apt) compared with 3WJ/MNV in LCSC. Binding enhancement by apt was observed even in Hep3B (Fig. [3](#hep41462-fig-0003){ref-type="fig"}D). Moreover, cell uptake of MNV/apt after 24‐hour incubation with LCSC was decreased compared with MNV only. These results validate the efficiency of MNV/3WJ/apt for use as a drug delivery vehicle.

![Specific binding enhancement to the cells *in vitro* using targeting EpCAM apt. (A) Flow cytometry analysis of baseline EpCAM level in human LCSC, Hep3B cells, and HeLa cells. (B) Confocal microscopy images after incubation of LCSC with RNA apt displaying MNV for 2 hours, or after incubation of Hep3B cells for 12 hours: nucleus (blue), cytoskeleton (green), and 3WJ‐RNA (red). (C) Flow cytometry analysis after incubation of LCSC for 2 hours with Alexa647‐labeled 3WJ‐RNA with or without apt. (D) Flow cytometry analysis after incubation of LCSC or Hep3B cells for 2 hours with MNV decorated with apt alone or MNV decorated with 3WJ‐RNA with or without apt. 3WJ‐RNA or RNA apt were labeled with Alexa647. (E) MNV were labeled with PKH67 to evaluate delivery into cells. Flow cytometry was performed after incubation of LCSC for 24 hours with MNV only, MNV displaying apt only, and MNV displaying 3WJ+apt. Abbreviation: IgG, immunoglobulin.](HEP4-4-298-g003){#hep41462-fig-0003}

Can tMNV Be Effectively Loaded With siRNA and Delivered to Cancer Cells *In Vitro*? {#hep41462-sec-0015}
-----------------------------------------------------------------------------------

We next evaluated the efficacy of siRNA‐loaded tMNV to deliver target to cancer cells *in vitro*. To demonstrate the potential utility of MNV/3WJ for use as a delivery vehicle for RNA therapeutics, we assessed its use for delivery of targeting moieties targeting β‐catenin. Mutations in the β‐catenin gene with activation of Wnt/β‐catenin is present in up to 38% of liver tumors. However, there are no effective therapeutics that target β‐catenin directly. The use of nanoparticles has been proposed, but is limited by the biocompatibility, stability, or specificity of therapeutic delivery of RNA‐based therapeutics targeting β‐catenin into hepatic cancer cells. MNV‐mediated targeted delivery of anticancer agents or micro RNA by loaded tMNV could be an attractive modality for the treatment of HCC *in vitro* and *in vivo*.[30](#hep41462-bib-0030){ref-type="ref"} We therefore evaluated a therapeutic approach to target β‐catenin using ET‐tMNV as a biological nanoparticle delivery carrier for the delivery of siRNA to β‐catenin. To evaluate the functional cellular delivery of β‐catenin‐targeting constructs, tMNV were loaded with β‐catenin siRNA and the pellet of MNV loaded with siRNA was generated after ultracentrifugation. Before loading, siRNA was labeled with Cy3. Immunoblot analysis for β‐catenin was assessed after incubation tMNV with HepG2 for 48 hours. A reduction in the expression of wild‐type β‐catenin and ∆N90 β‐catenin was observed in response to tMNV treatment in a concentration‐dependent manner (Fig. [4](#hep41462-fig-0004){ref-type="fig"}A). Treatment with unloaded siRNA as a lipofectamine/siRNA complex in the supernatant after loading ultracentrifugation did not reduce β‐catenin protein expression, whereas lipofectamine/siRNA complex before ultracentrifugation was effective as a positive control. To verify siRNA delivery, we analyzed HepG2 with confocal microscopy after incubation with Label IT siRNA Tracker Cy3‐labeled siRNA‐loaded MNV (tMNV) for 48 hours. The result shows that β‐catenin siRNA‐loaded MNV (yellow) was delivered intracellularly as well as lipofectamine/siRNA treatment as positive control (Fig. [4](#hep41462-fig-0004){ref-type="fig"}B). These results indicate that siRNA delivered within tMNV maintains its functional effectiveness following uptake by HCC cells.

![Characterization of siRNA‐loaded tMNV. (A) HepG2 cells were incubated with MNV, siRNA, siRNA with lipofectamine (Lip), or with the indicated amounts of siRNA‐loaded MNV. After 48 hours, proteins were analyzed by immunoblot analysis for wild‐type β‐catenin, ∆N90 β‐catenin or actin (as a control for loading). (B) Images after incubation of HepG2 for 48 hours with MNV, siRNA and Lip, or tMNV: nucleus (DAPI, blue), cytoskeleton (TRITC‐phalloidin, red), and β‐catenin siRNA (siRNA Tracker Cy3, yellow). (C) Zeta potential and particle diameter measurements of MNV, MNV decorated with 3WJ‐RNA scaffold displaying ET‐MNV, tMNV, and tMNV decorated with 3WJ‐RNA scaffold displaying ET‐tMNV.](HEP4-4-298-g004){#hep41462-fig-0004}

The effects of siRNA loading on particle size and zeta potential were determined before use. The zeta potential can be altered by drug or siRNA loading and provides an indicator of the tendency for nanoparticles to aggregate. MNV loaded with varying amounts of β‐catenin siRNA retained a negative charge, although this approached a neutral zeta potential at higher concentrations of siRNA (tMNV, 10 μM) (Fig. [4](#hep41462-fig-0004){ref-type="fig"}C). The MNV particle size was not altered after loading with different concentrations of siRNA. Thus, the physical characteristics of tMNV are similar to those of the MNV.

Can ET‐tMNVs Target Cancer Cells and Deliver β‐Catenin siRNA? {#hep41462-sec-0016}
-------------------------------------------------------------

We next evaluated the efficacy of cancer‐cell targeting using ligand‐displaying tMNV. The EpCAM‐targeting MNV (ET‐MNV) were generated by decorating tMNV containing therapeutic RNA with a targeting ligand (Fig. [5](#hep41462-fig-0005){ref-type="fig"}A). A high‐affinity RNA apt with specificity for EpCAM was used to target tMNV to EpCAM‐expressing HCC cells. We investigated the ability of ET‐tMNV to deliver an siRNA cargo to recipient cells *in vitro*. To study functional targeting gene delivery effect, we evaluated β‐catenin messenger RNA (mRNA) expression following delivery of ET‐tMNV and apt‐tMNV containing siRNA to β‐catenin (Fig. [5](#hep41462-fig-0005){ref-type="fig"}B). The efficacy of uptake was then determined in LCSC by evaluating the efficacy and specificity of uptake of β‐catenin siRNA (Fig. [5](#hep41462-fig-0005){ref-type="fig"}C). Effective delivery was confirmed by real‐time polymerase chain reaction. Moreover, functional effectiveness was verified by determining the expression of the downstream target gene cyclin D1 (Fig. [5](#hep41462-fig-0005){ref-type="fig"}D). Incubation of cells with apt‐tMNV did not result in a reduction in mRNA expression of β‐catenin compared with ET‐tMNV (\**p* = .012, ET‐tMNV vs. apt‐tMNV). These data are consistent with the inefficient binding delivery reported previously of MNV/apt decoration by AiryScan, and binding delivery in flow cytometry. mRNA expression of β‐catenin and cyclin D1 were analyzed after incubating each treatment with cancer cells, LCSC, Hep3B cells, and HeLa cells. A significant decrease in mRNA expression of β‐catenin and cyclin D1 was observed with ET‐tMNV in both Hep3B cells and LCSC compared with PBS controls, but not in HeLa cells that do not express EpCAM. Furthermore, enhancement by apt of functional β‐catenin mRNA reduction was observed in both LCSC and Hep3B cells in ET‐tMNV‐treated cells compared with tMNV. Cell viability following β‐catenin siRNA delivery was further assessed using a viable cell assay after incubation with MNV alone, tMNV, and ET‐tMNV for 72 hours (Fig. [6](#hep41462-fig-0006){ref-type="fig"}). For each of these, cell viability remained greater than 70%, indicating a lack of *in vitro* cytotoxicity at the amounts used*.* A significant inhibition of cell proliferation was observed with ET‐tMNV treatment compared with tMNV in EpCAM expressing LCSC and Hep3B cells, but not in EpCAM‐negative HeLa cells (Fig. [6](#hep41462-fig-0006){ref-type="fig"}). Thus, ET‐tMNV nanoparticles can provide a significant cancer cell targeting and delivery enhancement of β‐catenin siRNA to HCC *in vitro*.

![Use of therapeutic MNV for delivery of β‐catenin siRNA to target cells *in vitro*. (A) Generation of tMNV decorated with EpCAM targeting apt (apt‐tMNV) or apt displayed on 3WJ‐RNA scaffold (ET‐tMNV). (B) Quantitative real‐time polymerase chain reaction (RT‐PCR) for beta‐catenin (BCAT) mRNA expression in LCSC after incubation with PBS (controls) or the tMNV constructs used for delivery of β‐catenin siRNA. BCAT/glyceraldehyde 3‐phosphate dehydrogenase (GAPDH) mRNA levels are normalized to that in control (PBS‐treated) cells. (C,D) Quantitative RT‐PCR for BCAT mRNA (C) or a downstream target gene cyclin D1 mRNA (D) following *in vitro* delivery BCAT siRNA to LCSC, Hep3B cells, or HeLa cells. All data were normalized to an internal control, GAPDH mRNA. Results are presented as mean ± SEM (*N* = 3) using one‐way analysis of variance (ANOVA) multiple comparisons (\**p* \< .05, \*\**p* \< .01). Abbreviation: scrMNV, scrambled MNV.](HEP4-4-298-g005){#hep41462-fig-0005}

![Effect of therapeutic MNV on cell viability. (A) LCSC, Hep3B cells, and HeLa cells were incubated with the indicated numbers of particles of MNV, tMNV or ET‐tMNV, and viable cell number was assessed after 72 hours using an 3‐(4,5‐dimethylthiazol‐2‐yl)‐5‐(3‐carboxymethoxyphenyl)‐2‐(4‐sulfophenyl)‐2*H*‐tetrazolium assay. Studies were performed in quadruplicate, using the indicated amounts of nanovesicles. Results are presented as mean ± SEM (*N* = 4) with two‐way ANOVA multiple comparisons (\**p* \< .05, \*\**p* \< .01, \*\*\*\**p* \< .0001).](HEP4-4-298-g006){#hep41462-fig-0006}

Does EpCAM Targeting Enhance Uptake in Target Tissues? {#hep41462-sec-0017}
------------------------------------------------------

Next, we examined whether ET‐tMNV or tMNV could be targeted to tumor cells *in vivo*. ET‐tMNV (Alexa647) or 1,1′‐dioctadecyl‐3,3,3′,3′‐tetramethylindocarbocyanine perchlorate (Dil)‐labeled tMNV were administered by tail vein injection into athymic nude mice bearing subcutaneous xenografts of human HCC cells. The biodistribution of MNV was assessed using an *in vivo* imaging system 8 hours after administration. Dil‐labeled tMNV were detected widely, including uptake within tumors (Fig. [7](#hep41462-fig-0007){ref-type="fig"}A). However, the tumor‐tissue accumulation of Dil‐labeled tMNV was similar to that observed with ET‐tMNV in LCSC. These observations indicate that wide distribution of MNV occurs in most murine tissue, including the brain[31](#hep41462-bib-0031){ref-type="ref"} after intravenous administration. EpCAM is expressed in normal epithelial tissue of the gastrointestinal tract, reproductive system, and endocrine system in adult mice and humans.[32](#hep41462-bib-0032){ref-type="ref"}, [33](#hep41462-bib-0033){ref-type="ref"} Indeed, high signals were detected in intestine following ET‐tMNV administration. In contrast to the observations of tMNV, we detected signals from ET‐tMNV (Alexa647) in LCSC xenograft tumors, whereas little signal was detected in Hep3B tumors with low EpCAM (Fig. [7](#hep41462-fig-0007){ref-type="fig"}A). These observations demonstrate specificity of uptake of ET‐tMNV by LCSC, which have a higher EpCAM expression than that in Hep3B.

![Tumoral uptake and effects of therapeutic MNV *in vivo*. (A) Biodistribution and organ imaging was determined using an *in vivo* imaging system 8 hours after intravenous injection of Dil‐labeled tMNV or Alexa 647--labeled ET‐tMNV in mice with subcutaneous LCSC or Hep3B cell xenografts. An increase in tumor uptake and retention is noted with ET‐tMNV compared with tMNV in LCSC. (B‐D) ET‐tMNV or ET‐scramble siRNA‐loaded MNV (controls) were administered intravenously every 2 days for 5 times in athymic nude mice bearing LCSC or Hep3B subcutaneous xenografts. (B) Tumor volume (in cubic millimeters) was assessed every 2 days in each of the two treatment groups for LCSC and Hep3B xenografts. The average tumor volume and the SEM are indicated from four separate tumors for each. Mice were sacrificed 2 days after the last treatment. (C) Representative tumor from each group over the course of injection treatment. (D) Tumor weight after treatment. Results are presented as mean ± SEM (*N* = 4) using *t* test (\**p* \< .05, \*\**p* \< .01).](HEP4-4-298-g007){#hep41462-fig-0007}

Can EpCAM‐Targeted MNVs Be Used to Deliver Anticancer Effects *In Vivo*? {#hep41462-sec-0018}
------------------------------------------------------------------------

To assess the therapeutic anticancer efficacy *in vivo,* we used ET‐MNV for the delivery of siRNA to β‐catenin to HCC xenografts in mice and assessed the effects on tumor growth rates. Five doses of ET‐tMNV were administered every 2 days. The rate of tumor growth was reduced in mice receiving ET‐tMNV compared with that in the control group for both LCSC and Hep3B tumor cell xenografts (Fig. [7](#hep41462-fig-0007){ref-type="fig"}B). Likewise, tumor weight was significantly lower in mice receiving ET‐tMNV compared with control‐treated mice (Fig. [7](#hep41462-fig-0007){ref-type="fig"}C,D). To demonstrate the targeted effects, we examined β‐catenin protein expression by immunohistochemistry of tumor tissues, and observed a reduction of expression in the ET‐tMNV treatment group compared with that in the control treatment group (Fig. [8](#hep41462-fig-0008){ref-type="fig"}A). Likewise, β‐catenin mRNA expression was lower in tumors from ET‐tMNV‐treated mice compared with control‐treated mice in both LCSC and Hep3B xenografts (Fig. [8](#hep41462-fig-0008){ref-type="fig"}B). A decrease in Ki67 staining and EpCAM expression in tumor tissue was also noted. The reduction in cell proliferation indicates that the Wnt/β‐catenin pathway can be targeted to control hepatic cancer stem cell proliferation. In summary, we have demonstrated that the use of ET‐tMNV can be used for therapeutic delivery of β‐catenin siRNA to EpCAM‐expressing tumors *in vivo* for an anticancer effect.

![*In vivo* effects of therapeutic MNV. ET‐tMNV or control ET‐scramble siRNA‐loaded MNV were administered intravenously every 2 days for 5 times to athymic nude mice bearing either LCSC or Hep3B subcutaneous xenografts. Tumors were harvested at the time of sacrifice 2 days after the last dose. (A) Tumor sections were stained with hematoxylin‐eosin (HE) or immunohistochemistry was performed for Ki67, BCAT, or EpCAM. Original magnification: ×20. (B) RT‐PCR of BCAT and GAPDH mRNA was performed on RNA extracted from individual tumors from each group. Results are presented as mean ± SEM (*N* = 4) using *t* test (\**p* \< .05, \*\*\*\**p* \< .0001).](HEP4-4-298-g008){#hep41462-fig-0008}

Discussion {#hep41462-sec-0019}
==========

New opportunities for therapeutics are emerging that exploit the power of RNA to both recognize specific targets as well as to modulate gene expression. We sought to develop a biological nanoparticle‐based approach for the targeted delivery of RNA therapeutics for the treatment of HCC. Our studies demonstrate the use of RNA nanotechnology to engineer EVs with an RNA nanoparticle capable of cell surface molecule detection. Incorporation of a cholesterol‐3WJ‐RNA nanoparticle that can display a cell surface molecule specific apt on the surface of MNV generated cell‐targeting therapeutic biological nanoparticles. Clinical translation of the use of engineered biological nanoparticles for targeted delivery of therapeutics will provide new opportunities for the treatment of HCC.

EVs such as MNV contribute to intercellular communication by transfer of RNA, lipids and proteins,[34](#hep41462-bib-0034){ref-type="ref"}, [35](#hep41462-bib-0035){ref-type="ref"} and thus possess inherent mechanisms that facilitate their uptake. A major limitation to the use of EVs for clinical application has been the challenge of isolation of sufficient amounts for clinical application. The use of MNV circumvents this limitation and provides a scalable and cost‐effective source of EVs, which is further complemented by a favorable short‐term safety profile after intravenous administration.[30](#hep41462-bib-0030){ref-type="ref"}, [36](#hep41462-bib-0036){ref-type="ref"} MNV are capable of delivering therapeutics such as siRNA or drugs to tumor cells. Their use as a nanocarrier for therapeutic purposes offers distinct advantages over the use of synthetic nanoparticles for the drug delivery approach to the liver. Their ability to deliver exogenously loaded drug, siRNA, or antisense oligonucleotide and their safety as a therapeutic delivery platform have been demonstrated.

These studies provide *in vitro* and *in vivo* preclinical evidence that support the use of therapeutic strategies aimed at EpCAM‐expressing cells for β‐catenin gene targeting for the treatment of HCC. There has been an emerging interest in the contribution of tumor‐initiating cells such as LCSC in tumorigenesis. These cells are postulated to contribute to tumor growth as well as resistance to therapy. The ability to specifically target this cell population therefore offers new opportunities to improve on therapeutic responses for HCC. LCSC express EpCAM, a marker of cancer‐initiating cells in the liver and other epithelia tissues. EpCAM is a transcriptional target of canonical Wnt/β‐catenin signaling in the control of proliferation of hepatic stem cells.[11](#hep41462-bib-0011){ref-type="ref"}, [14](#hep41462-bib-0014){ref-type="ref"}, [37](#hep41462-bib-0037){ref-type="ref"} The use of EpCAM as a target for drug delivery can enable LCSC targeted therapy. Drug‐loaded micelles expressing EpCAM‐specific antibodies have been used for targeted drug delivery.[38](#hep41462-bib-0038){ref-type="ref"} In addition, strategies to directly target EpCAM have been explored. These include the use of RNA interference of EpCAM as well as the use of antibodies to EpCAM such as edrecolomab, adecatumumab, and caumaxomab.[7](#hep41462-bib-0007){ref-type="ref"}, [39](#hep41462-bib-0039){ref-type="ref"} Enhanced uptake of MNV expressing RNA apt to EpCAM enabled delivery of siRNA with therapeutic efficacy. In addition to EpCAM, other markers of LCSC include hepatic stem cell markers such as CD133, CD90, and CD44.[40](#hep41462-bib-0040){ref-type="ref"} The approaches taken could be extended to other cell surface markers by developing specific apt and used in combination with EpCAM to improve targeting to cancer cells. Likewise, other types of EpCAM‐targeting apt nanoparticles could be developed for gene targeting or drug delivery into cancer cells.[41](#hep41462-bib-0041){ref-type="ref"}, [42](#hep41462-bib-0042){ref-type="ref"}, [43](#hep41462-bib-0043){ref-type="ref"}, [44](#hep41462-bib-0044){ref-type="ref"}

The expression of EpCAM on nonmalignant cells does raise the possibility of enhanced uptake and off‐target effects. However, normal epithelial cells have both a low level and a sequestered expression of EpCAM on the basolateral membrane that limit access of EpCAM‐targeted therapies as a result of the dense and highly organized intercellular boundaries. During the progression of normal to cancer cells, EpCAM expression evolves into an intense and uniform membranous expression. Moreover, the liver uptake observed on bio‐distribution studies is consistent with a high first‐pass hepatic uptake that would further reduce the amount of circulating ET‐tMNV available to other tissues. Nevertheless, a comprehensive assessment of toxicity *in vivo* is warranted before clinical adoption.

By providing an efficient and effective means of hepatic delivery of RNA‐based therapeutics, the use of ET‐tMNV to target β‐catenin offers additional opportunities for oncogene‐directed therapy. Targets such as β‐catenin are not readily targetable using small molecules. RNA‐targeting approaches using siRNA or micro RNA are an attractive strategy to modulate gene expression and offer advantages of specific gene‐targeted effects with reduced off‐target or nonspecific effects. However, their therapeutic use following systemic administration has been hampered by the susceptibility to degradation by endogenous RNases and low specificity of delivery to target sites. The use of biological nanoparticles such as MNV for delivery of RNA therapies circumvent these, by protecting their contents from degradation and facilitated intracellular delivery. By improving and optimizing drug delivery, the use of MNV will enable broader adoption of systemic RNA therapies. In preclinical studies, MNV have been used effectively to deliver siRNA to β‐catenin to recipient cells. However, frequent dosing would be needed, as the observed therapeutic effects of siRNA were not sustained.[45](#hep41462-bib-0045){ref-type="ref"} The durability of response could be further enhanced by improved specificity of delivery to target tissues and cells, which would further reduce their off‐target effects. Further clinical translation will require evaluation of *in vivo* safety, optimization of doses of MNV and siRNA and administration schedules, and optimizing delivery approaches for greatest therapeutic efficacy.

In conclusion, we have developed engineered EVs capable of targeting EpCAM‐expressing LCSC to deliver siRNA to β‐catenin. These ET‐tMNV not only provide effective LCSC‐targeting and therapeutic effects without cytotoxicity *in vitro*, but also options for targeting and treatment of EpCAM‐positive tumors *in vivo.* In addition to HCC, EpCAM is expressed in a wide range of carcinomas. In particular, adenocarcinoma of colon, pancreas, and prostate are promising tumors for EpCAM‐targeted therapy.[46](#hep41462-bib-0046){ref-type="ref"} Similarly, mutations of β‐catenin are also encountered in breast, lung, colorectal cancer, and several other cancers. Thus, the use of ET‐tMNV may be expected to have broader clinical application for the treatment of tumors other than HCC. Future studies of targeted biological nanoparticle therapy for other epithelial cancers, at nonhepatic locations or with the use of other cell‐surface targeting agents, are therefore warranted.
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